We investigated the microscopic and electronic structures amorphous oxide semiconductors InGaZnO 4 (a-IGZO) and the role of O-deficiency through the first-principle calculations. The structure of the amorphous oxide is complicated by the admixture of many different kinds of substructures, however it is surprisingly found that the band tail states, which are well-known to be present in the amorphous semiconductors, are few generated for the conduction band minimum (CBM). The electronic structure around CBM is little affected by the disorder and also by the O-deficiency. Free electron carriers can be generated without a creation of donor-level in the O-deficient amorphous oxide.
Recently the amorphous semiconductor metal-oxides (ASMO) such as InGaZnO (a-IGZO), ZnSnO, and InSnO(ITO) [1] [2] [3] are extensively investigated, since they can be base materials for the thin-film transistor (TFT) of flat panel display as well as transparent conducting oxides (TCO). The n-type conductivity of ASMOs can be much higher than that of the conventional semiconductors such as as a-Si:H, since the conduction path of electron carriers is characterized mainly by non-directional spherical cation-s orbitals of the metal elements [4] . The O-deficiency is suggested to be a important source of high electrical conductivity of ASMO and TCO. The carrier concentration in ASMO can be controlled over a wide range by the O-deficiency [5] . However the microscopic understanding of the role of the O-deficiency is not yet resolved with many unresolved aspects. The optical measurements indicate that the O-deficiency induces deep levels in ASMO [2] , and the first-principles calculations also showed that the O-vacancies in a-IGZO can create various deep or shallow levels [6] . It is suggested that the deep trap centers by the O-deficiency adversely affects the bias and illumination stress instability of oxide TFT [3, 7] . A puzzling aspect is that the carrier mobility is measured to be much higher in the disordered a-InGaZnO (a-IGZO) than in the well-ordered crystalline IGZO (c-IGZO), unless the O-deficiency is too serious [4] . This is not understood by a simple defect picture of O-vacancy, since the cation-driven dangling bonds around O-vacancies can generate localized levels which can play a role of trap center. Since the microscopic understanding for the O-deficiency is limited, the results from the studies of the O-vacancy in ZnO or other crystalline oxides have been applied to understand the role of O-deficiency. Therefore, the systematic study about the role of the O-deficiency in the ASMO is needed.
In this Letter, we report on the results of first-principles calculations carried out to understand the role of the O-deficiency in a-IGZO as a representative of the ASMO. Our approach is different from a previous study in that we investigate the properties of an Odeficient a-IGZO structures that are generated via the optimization through a molecular dynamics simulated annealing processes. We find that (i) the disordered a-IGZO is mixed by many different kinds of building blocks, however (ii) the band tail states, which is wellknown to be present in amorphous materials, can be surprisingly absent for CBM in the amorphous-IGZO, and (iii) the localization character of the CBM is little affected by the O-deficiency in a-oxide, and no localized donor-center is formed, that is fundamentally in contrast to the O-vacancy in crystalline IGZO (c-IGZO), and (iii) the result of the disorder or O-deficiency is to enhance the formation of localized states around the valence band. We propose that these results provide a new perspective to understand the role of O-deficiency in ASMO.
The first-principles calculations were performed by the projector augmented wave (PAW) method [8] of the Vienna ab-initio simulation package (VASP) [9] . The Perdew-BurkeErnzerhof exchange-correlation functional (PBE) [10] approach utilizing the generalized gradient approximation (GGA) scheme was employed and the LDA+U method was used to describe the localized semi-core states of Zn-3d orbitals [11] . These semi-core orbitals are not accurately described by normal LDA calculation, in which their overlap with the O-p orbitals is enhanced due to a strong self-interaction effect in the localized orbitals. The strong Coulomb energy at the localized d orbitals can be compensated by the LDA+U method.
We used U=5 eV for only the Zn-3d orbitals. As an accuracy test, the lattice constants of the binary oxides, In 2 O 3 , Ga 2 O 3 , and ZnO, are calculated to be 12.42Å, 10.117Å, and 3.283Å, respectively, in a good agreement with the experimental values of 12.23Å, 10.117 A, and 3.25Å.
In order to generate a reliable structure for the stoichiometric and O-deficient a-IGZO, we repeated the simulated annealing (SA) steps using molecular dynamic calculations on supercells. The simulated temperature was increased up to 4000 K, and decreased slowly to 0 K and the SA was repeated between 1000 K and 0 K until the total energy and the atomic structure were converged. We tested several supercells containing 56, 84, and 112 atoms.
Calculated results on 112 atoms supercell are given here, since the cell size dependence is weak between 84 and 112 atoms cells. The total energy of the a-IGZO generated in this manner is higher by only 0.18 eV/atom than that of c-IGZO.
In order to understand the microscopic structures of a-IGZO, we examined the short-range orders by calculating the effective coordination numbers (CN * ) of cations and the averaged effective bond-length (d * ) [12, 13] . We find that the structure of a-IGZO is complicated by the admixture of many kinds of C-O CN molecular building blocks, where C denotes a cation and CN is the coordination number of a cation, as shown in Fig. 1a . The nondirectional cation-s-obitals make these various substructures accommodated in the ASMO. are smaller in a-IGZO than in the c-IGZO. Thus the volume of a-IGZO is larger by 0.6 %.
Before Here, we note that the O-deficient a-IGZO is not simply described by the O-vacancy structure. These vacancies are metastable states, thus we tested the additional relaxation of a-IGZO with a missing oxygen atom in a supercell by repeating the SA process. The total energy becomes smaller by 0.45 eV than the most stable V(O) structure. Below, we will discriminate between the metastable V(O) structure and the latter O-deficiency state.
The low formation enthalpy (0.32 eV) of the neutral shallow-donor-like O-deficiency state indicates that the (2+)-charged state can be more easily formed, when Fermi level is around mid-gap in this wide-gap materials.
We now examine the structural change by the O-deficiency in a-IGZO, with respect to the short-range order. We find, as shown in Fig. 1b, that 2 ) (see Fig. 3 ).
The IPR increases with the localization and thus can describe the band tail states. The IPR of c-IGZO are usually small.
An important finding is that the fluctuation in the electronic structure induced by the disorder is very small in the CBM. The character of the electronic structure around the CBM in the disordered a-IGZO is calculated to be amazingly close to that in c-IGZO (see for the subgap states [2] , and also reduce the mobility. We note that the subgap states can also come from the metastable vacancy structures.
In conclusion, we investigated the microscopic and electronic structures of a-IGZO as a representative of ASMO. We showed that the band tail states, which are well-known to be present in amorphous semiconductor, can be absent around the CBM in amorphous 
